Considering the disastrous consequences of the oil tank failure, it is of great importance to ensure the safety of the large-scale oil tank under earthquakes. is study sheds light on investigating the dynamic response of a prototype 100,000 m 3 cylindrical oil-storage tank under various seismic excitations. e foundation of the tank is also considered in this study so that the obtained results are closer to the reality. Shaking table tests are conducted using a 1/20 scale liquid-tank-foundation system under various seismic excitations. e test results reveal that the dynamic responses such as accelerations and the deformation of the test specimen in the major and minor vibration directions do not differ significantly. Finite element models are constructed for the test specimen and the prototype tank and are validated through comparing the simulation results with the test data. e simulation results suggest that it might be necessary to stiffen the locations on the tank wall where the thickness of the tank wall changes because the stresses at such locations may be close or even exceed the yield strength of the structural steel under severe earthquakes.
Introduction
To investigate the seismic response of large-scale liquid storage tanks containing flammable and combustible liquid such as oil is of great importance because damages of such infrastructures under earthquakes can cause large fires, explosion, environmental pollution, and other secondary catastrophes, which may induce huge economic damage and extensive loss of human lives. Although earthquakes have been considered in the design guidelines on liquid storage tanks, damages of liquid/oil-storage tanks were reported in a number of major earthquakes, such as the 1964 Alaska earthquake in the USA (M w � 9.2), 1978 Miyagi earthquake in Japan (M s � 7.7), 1999 Kocaeli earthquake in Turkey (M w � 7.7), 2003 Tokachi-Oki earthquake in Japan (M w � 8.0), 2008 Wenchuan earthquake in China (M w � 7.9), and 2011 Tohoku earthquake and the tsunami in Japan (M w � 9.0). ese accidents have highlighted the seriousness of such events, motivated the research in seismic responses of liquid storage tanks, and thus improved the design codes and guidelines of liquid storage tanks against earthquakes.
Research on seismic responses of elevated oil storage started from 1930s, and this topic has drawn a lot of research interest since then. Generally speaking, research in this field typically falls into three categories: (1) theoretical computational models, (2) numerical simulations, and (3) experimental tests. One of the earliest simplified models for investigating the dynamic response of a liquid storage tank was the mass-spring model proposed by Housner [1] . e model considered the tank walls as rigid. e model was then modified to account for the impact of the flexible tank walls on the seismic responses of liquid storage tanks in further studies, such as Velestsos [2] , Velestsos and Yang [3] , Haroun and Housner [4] , and Malhotra et al. [5] . e models mentioned above have been implemented by the seismic design codes and guidelines on liquid storage tanks worldwide, such as API 650 [6] and Eurocode 8 [7] . In recent years, the rapid development of computer technology and availability of powerful software allow numerical simulation become an important technique to investigate seismic behavior of liquid storage tanks in a more sophisticated manner, such as Cho and Lee [8] , Virella et al. [9] , Livaoglu [10] , Liu and Lin [11] , Attati and Rofooei [12] , Firouz-Abadi et al. [13] , Ozdemir et al. [14] , Korkmaz et al. [15] , Moslemi and Kianoush [16] , Matsui and Nagaya [17] , and Buratti and Tavano [18] . e shaking table test is the main tool to investigate the dynamic responses of liquid storage tanks under earthquake excitations experimentally. Early examples of such tests could be found in Shih [19] , Niwa and Clough [20] , Haroun [21] , Chiba et al. [22] , and Sakai et al. [23] . In more recent years, shaking table tests which were conducted to investigate seismic responses of the liquid storage tanks include Tanaka et al. [24] , Pal et al. [25] , Nishi et al. [26] , De Angelis et al. [27] , Maekawa et al. [28] , Fang et al. [29] , Goudarzi et al. [30] , Pal and Bhattacharyya [31] , Eswaran et al. [32] , Ormeño et al. [33] , and Park et al. [34] .
Among the mentioned literature, the studies on the seismic behavior of large-scale unanchored liquid storage tanks are rare. In most, if not all, of these shaking table tests mentioned above, only one horizontal component of the ground motion was considered. Furthermore, there is no experimental test considering the seismic response of a coupled liquid-tank-foundation system when all three components (two horizontal and one vertical) of the ground motion are considered. e goal of this study is to address these gaps.
e purposes of this study include (1) to investigate the dynamic responses of a large-scale cylindrical unanchored oilstorage tank subjected to earthquake excitations, (2) to examine whether the original design of the tank can sustain major earthquakes and thus to access the seismic vulnerability of such tanks and promote the development of the design code for oil-storage tanks against earthquakes, and (3) to provide experimental data for the validation of numerical models. is study sheds light on the seismic behavior of a 100,000 m 3 liquid storage tank considering liquid sloshing and tank-foundation interaction (uplifting). In this study, shaking table tests of a 1/20 scale liquid tank model were firstly conducted under the excitations of various input waves.
en finite element models for the test specimen were created using commercial FEA software ANSYS and validated against experimental data. After showing that the model can represent the dynamic behavior of the test specimen under earthquakes reasonably, similar modeling approaches were used to develop numerical models for a prototype 100,000 m 3 oil-storage tank and the dynamic responses of the prototype tank under strong earthquakes were investigated numerically. Table Tests 2.1. Test Specimen. A 100,000 m 3 unanchored cylindrical oilstorage tank which is commonly used in China equipped with a metallic floating roof is selected herein as the prototype structure to investigate its dynamic response under earthquake excitations. e prototype tank was originally designed by Sinopec Engineering incorporation on the basis of Chinese Code for Design of Vertical Cylindrical Welded Steel Oil Tanks (GB 50341-2014). As shown in Figure 1(a) , the outer diameter of the prototype tank is 80 m, the diameter of the floating roof is 79.5 m, and the height of the tank is 21.8 m. e filling level of the oil contained by the tank is 18.5 m.
Shaking
e tank wall is comprised of 9 steel shells with different thicknesses ranging from 32 mm to 12 mm, as shown in Figure 1 (c). e structural steel used for shell 1 to 7 is SPV490Q (σ y � 490 MPa), and shells 8 and 9 are fabricated using Q235A (σ y � 235 MPa). e bottom plate of the tank is also made of structural steel SPV490Q, and the thickness is 20 mm. e tank is placed on a reinforced concrete ringwall (Figures 1(a) and 1(b) ). e height and the thickness of the RC ringwall are 2.5 m and 0.8 m, respectively. e ringwall is filled with compacted soil, which acts as the foundation of the tank.
Due to the limitation of the shaking table dimension, a reduced scale model with a scaling factor of 1/20 has been designed and fabricated (Figure 2 ), and the model is a coupled liquid-tank-foundation system. e outer diameter of the test specimen is 4 m, the diameter of the floating roof is 3.975 m, and the height of the test specimen is 1.1 m. e wall of the test specimen was fabricated using structural steel Q235A. Since the thickness of the tank wall and the bottom plate cannot be too small considering the stability issue, the geometrical scaling factor cannot be achieved when designing the wall and bottom plates of the test specimen. Considering the difficulties in fabricating the wall of the test specimen with varied thickness, the wall of the test specimen is set to be 3 mm according to API 650 [6] .
e thickness of the bottom plate is 2 mm, which is fabricated using the same structural steel as the tank wall. e bottom plate rests on a reinforced concrete ringwall. e diameter, thickness, and height of the ringwall are 4 m, 150 mm, and 450 mm, respectively. e ringwall is filled with sand. us, the foundation of the tank was simulated. e floating roof of the test specimen was made of blockboard with the thickness of 17 mm. In order to simulate the connection between the floating roof and the tank wall, a rubber tube was placed surrounding the blockboard. e test specimen was filled with water with a fill level of 0.88 m.
e weight of the liquid is 11t, and the total weight of the tank and floating roof is 650 kg. e scaling factor of the test specimen was selected considering the limitations of the behavior parameters of the shaking table and other specifications of the experimental facilities. Although some insights into the behavior of the test specimen subjected to earthquake excitations can be gained through the shaking table test, the key purpose of the test is to provide experimental data for the validation of finite element models which can be used to investigate the response of the 100,000 m 3 cylindrical oil-storage tank, which is planned to be used in China in the near future, under major earthquakes through numerical simulations; thus, the effectiveness of the design method against severe seismic loads which is currently implemented can be assessed. e test results were not directly used to predict whether the prototype tank can survive mega earthquakes. On the other hand, this study only focuses on linear elastic behavior of both the test specimen and the prototype tank. erefore, the geometric scale factor was set to be 1/20, and the remaining scale factors, including scale factors for 2 Shock and Vibration density, elastic modulus, time, frequency, acceleration, stress, and strain, were all set to be 1.
Instrumentation.
A virtual coordinate system was dened as shown in Figure 2 (a) for convenience. X and Y directions in this coordinate system are the directions of two horizontal components of the ground motion produced by the shaking table, and the Z axis represents the vertical direction. As shown in Figure 2 Quantities of interest in the response include displacements and accelerations, strains of the tank wall, and water free-surface elevations.
ese quantities are measured at di erent locations. e time history of horizontal accelerations at various locations along line A-A' and line B-B' on the tank wall was recorded using 8 accelerometers (A-1 to A-4 and A-6 to A-9), as shown in Figure 3(a) . e vertical accelerations of points A' and B' were measured by two accelerometers (A-5 and A-10). ree accelerometers were placed on the shaking table to record the time histories of the input waves in X, Y, and Z directions, respectively. As shown in Figure 3 (b), 10 string potentiometers were used to measure the displacement at various locations of the test specimen, eight of which (D-1 to D-4 and D-6 to D-9) were attached to the tank wall at the same locations with the accelerometers to measure the horizontal displacement of these points. Another two string potentiometers (D-5 and D-10) were used to record the horizontal displacement of the foundation, and thus the deformed pro les of the tank wall could be estimated based on the relative displacement between the tank wall and the foundation. Figure 3(c) shows the strain gauges which were attached to the tank wall and the foundation to measure the time history of the strains at these locations. e strain gauges attached to the tank wall were designated as SW-X, where X represents the number of the strain gauge.
e elevations of the water free-surface were measured using displacement sensors.
Test Setup.
e dynamic responses of the test specimen subjected to a series of seismic excitations were tested on the shaking table of the Institute of Engineering Mechanics, China Earthquake Administration. e shaking table is capable of producing six components of motions, including three translations in three directions and three rotations. e earthquake simulator can reproduce a variety of earthquake ground motions within the capacity of the system. e performance parameters of the shaking table are summarized in Table 1 .
Two series of input seismic waves were used in these tests, which are obtained by modifying the ground acceleration records of the 1940 El-Centro earthquake (El-Centro wave), which is designated as input wave series 1, and the 2008 Sichuan earthquake (Wolong wave), which is designated as input wave series 2. e ground motion records of these two earthquakes are selected as the input waves because (1) El-Centro earthquake ground motion records were used widely when conducting time history analysis of civil structures and infrastructures, both numerically and experimentally since the response spectrum for El-Centro ground motion is quite close with the standard design spectrum, and (2) the 2008 Sichuan earthquake is the most devastating earthquake that struck China in the past decade.
erefore, it is meaningful to explore the dynamic responses of the test specimen under these two earthquakes.
Figures 4 and 5 illustrate the modified acceleration time histories of the El-Centro earthquake and Sichuan earthquake, which were obtained according to the following equation:
in which € u(t) represents the modified ground acceleration time history, € u g (t) represents the original ground acceleration time history, and € u g0 represents the peak ground acceleration of the original ground motion. erefore, the peak accelerations of the modified ground motion in all three directions were equal to 1.0 g (9.8 m/s Table 2 . e values of the ground peak accelerations were calculated according to the seismic precautionary intensities (PI) required by the Chinese Code for Design of Buildings (GB 5011-2010), as shown in Table 2 , in which seismic PI 6 represents the lowest seismic risk, in which seismic effects are usually not considered, PI 7 represents low seismic risk, PI 8 represents moderate seismic risk, and PI 9 represents high seismic risk. Input waves 2-3 and 2-4 have a PI of 10 or above. Such seismic precautionary intensities are too high to be considered in the design of common civil structures according to GB 5011-2010, which represents mega earthquakes.
e purpose of using input waves with different peak accelerations which are modified on the basis of the same seismic record is to investigate the behavior of the tank under different seismic intensities as well as the impact of the amount of the energy input to the system on the dynamic behavior of the test specimen.
e power spectrums of the modified ground motions are shown in Figures 4(d) and 5(d) , in which the spectral characteristics of these two earthquakes can be explored. According to these two figures, the predominant frequency of the El-Centro earthquake is around 1.5 Hz. However, the Sichuan earthquake has two predominate frequencies: one is around 9 Hz and the other is around 24 Hz.
e dynamic responses of the test specimen were actually evaluated under a number of other seismic records too. However, only the test results under the seismic excitations of these input waves were presented herein due to space limitation.
Experimental Results
Dynamic responses of the test specimen, including acceleration time histories and peak accelerations at various locations, the envelope curve of the tank wall deformation, and the elevations of the water free-surface subjected to the series of the input waves were obtained, and the test results are analyzed herein.
Dynamic Characteristics.
e test specimen was firstly subjected to the excitations of white noise to investigate the dynamic characteristics of the test specimen.
e natural frequency (1 st order) of the test specimen was 14.51 Hz, and the damping ratio was 8.4% according to the Fourier amplitude spectrum of acceleration based on the test results.
Responses under Input Wave Series 1.
e peak accelerations obtained by the accelerometers in the X direction (A-6 to A-9) and Y direction (A-1 to A-4) are shown in Figure 6 . It is worthwhile to mention that the test specimen is an unanchored liquid storage tank, which means the tank is placed on the foundation without any anchors; therefore, the peak accelerations recorded by the accelerometers installed at the bottom of the tank (A-4 and A-9) were not equal to the peak ground accelerations of the input waves. Based on the data, the distribution of the peak accelerations at various positions on the tank wall along line A-A' and B-B' can be estimated and is also shown in Figure 6 . In Figure 6 , the dimensional quantity β represents the ratio of the height of the considered spot on the tank wall and the total height of the tank. It can be seen that as the input energy increases, the peak acceleration of a certain point on the tank wall also increases.
e largest peak acceleration was typically observed at the top of the test specimen, except the peak acceleration in the X direction under input wave 1-1.
e values of the peak accelerations obtained in X and Y directions were fairly close to each other, despite of the difference in the values of the peak accelerations of the two horizontal components of the input wave. erefore, when designing the oil tank against earthquakes laterally, it is necessary to consider the ground vibrations in both directions. e transmissibility (TR), which is the ratio of the peak acceleration of the tank wall to the peak ground acceleration of the input wave (PGA), is used to represent the amount of magnification on PGA herein. e relationships between the values of TR and the height of the considered spot on the tank wall are shown in Figure 7 . It can be seen that in the majority of the cases, the maximum transmissibility is between 2.0 and 2.5, which is coincident with the requirement of Appendix D of GB 50341-2014. e magnification effects in the X direction are more evident than the one in the Y direction. In the Y direction, the largest transmissibility is around 2.0 when the test specimen is subjected to input wave series 1, and in the X direction, the number increased to 8.0. An interesting observation from Figure 7 is that the smaller the peak acceleration of the input wave is, the larger the transmissibility is. e peak vertical accelerations obtained by the accelerometers at points A' and B' are shown in Figure 8 . e transmissibility for the vertical component of the ground motion at these two points under input waves 1-1, 1-2, and 1-3 are 11.07, 11.04, and 4.139, respectively, which is considerably large. e magnification effect of the vertical seismic component considered in GB 50341-2014 is much smaller than what was observed in this test.
e envelope curve of the tank wall deformation of the test specimen could be obtained on the basis of the readings of the string potentiometers. Figure 9 shows the maximum displacements in positive and negative directions at various locations on the tank wall recorded by the string potentiometers in both X and Y directions relative to the displacement of the foundation under input wave series 1. For unanchored tanks, slippage may occur between the tank and the foundation during earthquakes.
erefore, the displacement at the bottom of the tank wall relative to the foundation is not zero.
e negative sign means the deformation is in the negative direction of the coordinate axis. In these figures, the area confined by the two curves represented the range of the deformation of the tank wall under seismic excitations. e deformation of the tank wall under these seismic excitations was very small, which was under 0.1% of the diameter and 0.3% of the height of the test specimen, even when seismic precautionary intensity of 9 was considered. Figure 9 shows that the deformation of the tank wall increases with the increase in the peak acceleration of the input wave. On the other hand, the deformation of the tank wall in the X direction was larger than that in the Y direction, indicating that the damage of the tank in the direction with smaller PGA is more severe than the direction with larger PGA. e maximum strain on the tank wall when the test specimen was subjected to seismic excitations 1-1, 1-2, and 1-3 were around 800 με, 1000 με, and 1100 με, respectively.
e maximum strain was recorded by strain gauge SW-2, which is located near the oating roof, in all these three cases. e numbers were well below the yield strain of the structural steel, which is around 2000 με. e strains obtained by the other strain gauges were much smaller. As the peak acceleration of the input waves increases, the strain gauge readings increase as well, indicating that the internal forces of the tank wall increase with the energy input of the seismic excitations. e strains recorded by the strain gauges attached to the foundation were negligibly small in all these three cases, indicating that the foundation was not a ected signi cantly by the given seismic excitations.
e time histories of the sloshing motion of the liquid are shown in Figure 10 . e most severe liquid sloshing was observed when the test specimen was subjected to input wave 1-2.
e range of the liquid sloshing was around 350 mm, and the highest water level reached the top of the tank.
Response under Input Wave Series 2.
e distributions of the peak acceleration and transmissibility along the tank wall at line A-A' in the X direction and at line B-B' in the Y direction are shown in Figures 11 and 12 . e maximum peak acceleration and the maximum transmissibility were found at the top of the tank except the case in which both of them in the Y direction were observed at the bottom of the tank under input wave 2-4. e values of the peak acceleration and the transmissibility increased with the increase in seismic precautionary intensity. Similar to the cases when the test specimen was subjected to input wave series 1, the maximum accelerations in X and Y directions were fairly close and the magnification effects in the X direction were much more significant than in the Y direction. e peak vertical accelerations obtained are shown in Figure 13 . e peak vertical acceleration reached nearly 2.5 g at point B', which is 5.7 times of the corresponding PGA of the vertical component of the input wave, indicating that the vertical component of the input wave played a significant role in determining the dynamic response of the test specimen.
e envelope of the tank wall deformation along lines A-A' and B-B' subjected to seismic wave series 2 is shown in Figure 14 . e deformation of the tank wall under input wave 2-4 was smaller than the deformation of the tank wall under input wave 1-1, although the peak acceleration of the former is around 2 times of the latter. e maximum deformation of the tank wall under this input wave series reached 1.7 mm, which is only 0.04% of the diameter of the test specimen and 0.1% of the height of the test specimen.
e largest strain values according to the strain gauge readings were 650 με, 700 με, 780 με, and 900 με when the test specimen was subjected to input waves 2-1, 2-2, 2-3, and 2-4, respectively, and the largest strain was obtained by strain gauge SW-2 again under these seismic excitations.
erefore, special attention should be paid to the position corresponding to the location of strain gauge SW-2, which is near the oating roof, when designing the tank wall under earthquake. Necessary strengthening strategies could be applied. e strain at the other locations was quite small. As Shock and Vibrationthe input energy increased, the strain values at the same location increased. e shapes of the strain histories at the same location were similar subjected to these input waves. However, the tank wall remained elastic in all these four cases.
e strain gauge readings at the foundation were negligibly small. e sloshing motion of the liquid is shown in Figure 15 . No evident difference was observed between the sloshing effects under input waves 2-1 to 2-4, and the change in the elevation of the water free-surface did not differ remarkably.
e highest water level reached 920 mm, which was 40 mm above the initial filling water level, and the lowest water level was 825 mm, which was 55 mm below the initial filling water level.
Numerical Simulations

Modeling Approaches.
Finite element models for the test specimen were firstly constructed using the commercial finite-element code ANSYS. e model is a detailed representation of the test specimen, which accounts for the tank wall, the bottom plate, the reinforced concrete ringwall, the liquid, and the floating roof, as shown in Figure 16 . e tank wall and the bottom plate were modeled using shell elements. e liquid was modeled using solid fluid elements, which was a type of element particularly used to model both static liquid and dynamic liquid. e foundation, including the reinforced concrete ringwall and the sand, was represented using solid elements. e floating roof was also modeled using solid elements. e interaction between the liquid and the tank wall was modeled by coupling the degree of freedom in the horizontal directions (X and Y) at the interface.
e interaction between the liquid and the floating roof and the bottom plate was modeled by coupling the degree of freedom in the vertical direction at the interface. e contact between the bottom plates and the foundation was represented by contact elements.
e stress-strain response of the structural steel and concrete used in this study is shown in Figure 17 . Both material and geometric nonlinearity were considered in the modeling process.
Validation Studies.
In order to evaluate the accuracy and the suitability of the model to represent the dynamic responses of the test specimen under seismic excitations, nonlinear dynamic analyses were performed using the proposed model and the behavior of the numerical model and the test specimen under identical excitations were compared. e model was firstly excited by the white-noise excitations, and the natural frequency of the model was 16.33 Hz, which was about 10% higher than that was obtained from the shaking table tests. en the dynamic responses of the model subjected to input wave 1-2 were investigated. Figure 18 shows the comparison between the acceleration time histories obtained from the numerical 
Numerical Simulations of the Prototype Tank under Seismic Excitations.
It has been shown that the proposed model is able to capture reasonable behavior of the liquid storage tank under earthquakes. us, identical modeling approaches were used to construct a numerical model for the prototype tank. A new input wave was used herein, which was modified on the basis of "unified" seismic wave 1. e peak accelerations of the new input wave in X, Y, and Z directions are 0.32 g, 0.40 g, and 0.27 g. e new input wave is designated as input wave 1-4. e dynamic responses of the prototype tank subjected to input waves 1-4 and 2-2 were investigated numerically. e reason that these two input waves were selected is that the seismic precautionary intensity 9 was considered once the PGA of the input waves reached 0.4 g, which represented the highest seismic risk according to GB 5011-2010. e exceeding probability of such earthquakes within the design reference period (50 years) is 2%. us, the dynamic responses of the prototype tank under such earthquakes can be used to assess whether the current seismic code can protect the oil-storage tanks effectively under major earthquakes. e same coordinate system described in Section 2.3 was used in this section, and identical designations were used for the intersections between the bottom of the tank wall and the coordinate system. e X direction represents the horizontal direction with smaller PGA, and the Y direction represents the direction with larger PGA. Figures 19 and 20 show the peak accelerations and transmissibility along the X direction and Y direction when the model was subjected to input waves 1-4 and 2-2. e maximum acceleration always occurred at the bottom of the tank, and the value was large (more than 1.0 g).
e responses of the prototype tank with respect to acceleration in the two horizontal directions were similar, which is coincident with the observations from the shaking table tests. In Figure 19 , the largest peak acceleration and transmissibility in both horizontal directions under input wave 1-4 were obtained at the bottom of the tank. In the X direction, the maximum peak acceleration and transmissibility were 19.2 m/s 2 (1.96 g) and 4.90, respectively. In the Y direction, these two values were 20.1 m/s 2 (2.05 g) and 6.40. In Figure 20 , similar observations were made. e maximum peak acceleration and transmissibility were 9.8 m/s 2 (1.0 g) and 3.89, respectively, under input wave 2-2 in the X direction. In the Y direction, the values were 12.3 (1.26 g) and 3.92, respectively. e envelope curves of the tank wall deformation along A-A' and B-B' under input wave 1-4 are shown in Figure 21 .
e deformation in the Y direction was larger than that in the X direction. e largest deformation of the tank wall reached 127 mm in the Y direction, which occurred at the lower part of the tank wall, which was 0.59% of the height and only 0.16% of the diameter of the prototype tank. e maximum deformation of the prototype tank wall was also found in the Y direction under input wave 2-2. erefore, only the envelope curve of the tank wall in this direction was illustrated by Figure 22 . Under this seismic excitation, the largest deformation of the tank wall reached 90 mm, which was 29% smaller than the case when the prototype tank was excited by input wave 1-4. is observation indicated that the tank was more vulnerable to the ground motions similar to the El-Centro earthquake than the Wenchuan earthquake.
is conclusion was further confirmed by Figures 23 and 24 , which illustrate the distributions of the peak stress during the vibration along A-A' under these two input waves. e peak stress distributions in the other horizontal direction were not shown because they were not as large as the ones along A-A'. As shown in Figure 23 , the maximum stress under input wave 1-4 was 484 MPa, which was quite close to the yielding strength of the structural steel (490 MPa). e maximum stress occurred at the location where the thickness of the tank wall changed. According to Figure 24 , the maximum stress under input wave 2-2 was 394, which was around 80% of the yielding strength of the structural steel. However, in both cases, the tank behaves elastically. However, the design seems like not conservative enough since the structural steel almost yields when the prototype tank was subjected to seismic wave 1-4. is might be because the magnification effects in the horizontal direction with smaller PGA were underestimated.
Summary and Conclusions
In this study, the dynamic response of a 100,000 m 3 cylindrical oil-storage tank under earthquakes was investigated experimentally and numerically. A series of shaking table tests were carried out using a 1/20 scale test specimen with foundation to investigate the dynamic behavior of the liquidtank-foundation system under seismic excitations. A finite element model was constructed for the test specimen, and validation studies were conducted in order to ensure the accuracy and the suitability of the proposed model to represent the dynamic behavior of the test specimen under earthquakes. en the proposed modeling approaches were used to create the numerical models for the prototype tank, and the seismic behavior of the prototype tank was investigated numerically. e following conclusions are drawn:
(i) e test specimen behaved elastically under the input wave series 1 and 2. e differences in the accelerations as well as the deformations of the tank wall between the two horizontal directions were not evident. us, it is necessary to consider the ground motion in both horizontal directions when designing the oil-storage tank under earthquakes.
(ii) e magnification effects in the vertical direction were substantial. It should also be necessary to consider the vertical component of the ground motion, which was underestimated in the design code for the oil-storage tank currently used in China (GB 50341-2014). (iii) Maximum acceleration usually occurred at the top and the bottom of the tank. However, the largest deformation of the tank wall typically occurred nearly 1/3 of the tank height from the bottom of the tank. erefore, close attention should be paid to these locations.
(iv) e numerical simulations for the 100,000 m 3 cylindrical oil-storage tank revealed that the prototype tank behaves well under major earthquakes when the highest seismic risk (seismic precautionary intensity 9) was considered according to the Chinese seismic design code. However, in order to further ensure the safety of the tank, more conservative design philosophy needs to be implemented so that the tank can behave elastically under major earthquakes, and special attention should be paid at the locations where the thickness of the tank wall changed.
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